Based on the simulation software of Romax and the theory of maximum orthogonal shear stress, this paper analyses the surface and subsurface contacts of double row tapered roller bearings for automobile wheels, and examines the effect of contact curvature on the maximum orthogonal shear stress of subsurface. The conclusions are as follows. The inner ring raceway has a slightly higher contact load and stress than the outer ring raceway. Under the external load, the double row tapered roller bearing exhibited a certain pitch deformation, and the second row of roller and the inner ring raceway are more prone to failure damages. With the increase of depth, the subsurface orthogonal shear stress increased first and then decreased. If the depth is kept constant, the maximum orthogonal shear stress of subsurface increased with the curvature.
Introduction
Featuring strong load bearing, sound rigidity, long service life and other advantages, the double row tapered roller bearing has infiltrated nearly every aspect of the modern life, especially in the design of automobile wheels. Due to the special working conditions and structures, strict requirements have been imposed on the bearing of automobile wheels. The bearing must be adapted to the limited height of the bearing section, and installed using the smallest possible space. With a compact structure, light weight and large width, the double row tapered roller bearing is an ideal choice for automobile wheels. The bearing also boasts a strong load capacity. Under the same dimensions, the rated dynamic and static load of such a bearing is twice that of a double row ball bearing.
The contact properties are critical to the bearing of vehicle wheels. Any two objects in contact with each other may suffer from contact failure. Rather than limited to the contact surface, the failure is also found in the subsurface structure, as evidenced by the micro cracks at a certain depth under the surface. The cracks often expand from the surface to the subsurface, resulting in flake peeling, pitting, and ultimately the stripping failure. Such a failure is commonly referred to as subsurface origin-oriented failure [1] [2] . Therefore, the contact analysis should not stop at the features of contact surface, but dig into the stress size and depth of subsurface. Nevertheless, the commonly used Hertz contact theory only applies to the surface stress resulted from the concentrated force vertically acting at the surface [3] . In order to calculate how surface stress acts on subsurface, it is necessary to introduce the calculation theory of shear stress [4] [5] [6] .
Targeted at the double row tapered roller bearing for automobile wheels, this paper carries out the contact simulation and analysis of the surface and subsurface, and discusses the effect of contact curvature on the maximum orthogonal shear stress of subsurface. The research was performed based on the simulation software of Romax and the theory of maximum orthogonal shear stress.
Contact Theory

Surface Contact Stress
According to the Hertz contact theory, the contact area between any two contacting objects obeys the elliptical distribution ( Figure 1) . 
For a tapered roller bearing, the roller is linearly contacted with the inner and outer ring raceways, respectively. In this case, the contact area becomes a semi-elliptic cylinder, and the long axis of the ellipse approaches infinity (Figure 2 ). The corresponding maximum contact stress, appearing on the centreline of the cylindrical contact area, is expressed as:
where l is the length of the contact line.
The half width b of the contact area can be approximated as:
where ρ is the radius of curvature. According to formulas (2) and (3), the maximum surface contact stress of the linear contact is correlated with the length l and the radius of the semi-minor axis b of the linear contact area; the radius of the semi-minor axis b is dependent on the radius of curvature corresponding to the contact area. Whereas the roller length l is limited to a small range by the weight, cost and width of the bearing, the curvature is the most important influencing factor of the contact stress of bearing during the design process.
Subsurface Contact Stress
As mentioned before, the Hertz contact theory is only suitable for the surface stress caused by the concentrated force vertically acting on the contact surface. In actual practice, however, contact failure often originates from some points beneath the surface. Such a failure is called subsurface failure. Therefore, it is very meaningful to determine the stress size and depth of subsurface. The results can reflect if the hardness and depth are as required. The existing theories on the stress in subsurface failure mainly include the maximum shear stress theory, the maximum orthogonal shear stress theory, and the synthetic shear stress theory. Among them, the maximum orthogonal shear stress theory is the most popular and recognized strategy in the calculation of subsurface contact stress and measurement of subsurface failure [7] . It should be noted that researchers have not reached a consensus on which of the stresses is the main reason of subsurface failure.
Proposed by Palmgren and Lundberg, the maximum orthogonal shear stress theory goes as:
Hence, the maximum orthogonal shear stress at the depth of z can be expressed as:
where t is an auxiliary parameter satisfying the following relationship:
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To sum up, the subsurface contact stress and depth should be calculated based on the radius of semi-minor axis b of the maximum surface contact stress and surface contact area.
Curvature and Calculation Theory
As shown in Figure 3 Table 1 . The bearing consists of a fixed outer ring and a rotating inner ring. To simulate the accurate bearing load, a hollow shaft was designed in the inner ring. The load applied on the bearing is shown in Table 2 . Fig.4 
Analysis of Contact Features
Surface Contact
To obtain the stress distribution between rollers and ring raceways, the circumferential loads on the contacts between the two rows of rollers and the inner and outer ring raceways were extracted respectively with Romax.
5(a). Contact loads between the first row of rollers and the inner and outer ring raceways 5(b)
. Contact loads between the second row of rollers and the inner and outer ring raceways As can be seen from Figure 6 , the contact stress was generated between the rollers and inner/outer ring raceway under the action of roller and the load of raceway, the contact stress was distributed in a similar form and area with the contact load, and the inner ring raceway has a slightly higher contact stress than the outer ring raceway. Through comparison, it is clear that the second row of roller, with a narrower contact area, was under a far greater contact stress than the first row of rollers, and was more likely to suffer from failure damage. Table 3 shows the maximum contact load, the maximum contact stress, semi-minor axis of the elliptical contact, position and other information of the first and second row of rollers and inner/outer raceways. To analyse the subsurface contact, the author probed into the contact between the more failure-prone second row of rollers and the inner ring raceway.
Tab.3. Maximum contact results
The 
Subsurface Contact
According to the maximum orthogonal shear stress theory provided by Palmgren and Lundberg, the computed result of the surface contact between the second row of rollers and inner ring raceway is substituted to obtain the change of subsurface stress of contact between the second row of rollers and inner ring raceway along with the change in depth, as shown in Table 4 . The changing curve of maximum orthogonal shear stress of the corresponding subsurface is shown in Figure 7 .
It can be seen from Table 4 and Figure 7 that: with the increase of depth, the subsurface orthogonal shear stress increased first and then decreased; the maximum orthogonal shear stress reached 723MPa at the depth of 1.04mm. In actual design, if the depth is kept at 1.04mm, the shear stress permitted by the bearing hardness is greater than 723MPa. Hence, a safety coefficient should be introduced according to the actual situation. 
Conclusion
Through the analysis on the surface and subsurface contacts of double row tapered roller bearings for automobile wheels, the author drawn the following conclusions:
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(1) The double row tapered roller bearing exhibited a certain pitch deformation under the action of the external load. In addition, the second row of rollers and raceways are the main bearing parts of the bearing structure, with a relatively narrow scope of action.
(2) The distribution form and area of contact stress are basically the same with load distribution, the inner ring raceway has a slightly higher contact load and stress than the outer ring raceway, and the second row of roller and the inner ring raceway are more prone to failure damages.
(3) With the increase of depth, the subsurface orthogonal shear stress increased first and then decreased; In actual design, the shear stress permitted by the bearing hardness is greater than the maximum orthogonal shear stress.
(4) If the depth is kept constant, the maximum orthogonal shear stress of subsurface increased with the curvature.
All in all, this paper digs deep into the theory and contact of double row tapered roller bearing for automobile wheels, providing an important reference to the optimization of the design, the improvement of the bearing capacity and the reduction of the vibration noise.
